The main objective of this study is to investigate the effect of heating conditions on the temperature distribution in sheet metal. An AMS5604 stainless steel sheet was heated in an induction heater. Then, the hot workpiece was transported to the stamping tool. The uniform temperature distribution is a key factor influencing the possibility of forming and quality of warm-formed parts. To study the temperature distribution in sheet plate we carried out the measurements using termoelements. Furthermore, thermovisual measurements were performed using a FLIR P 640 thermovisual camera. It was found that to improve the uniformity of the temperature distribution in the workpiece the time of heating should be increased. However, the time of transport of the sheet to the tool should be decreased. During air cooling a decrease of the difference between the maximal and minimal temperature of the sheet is observed.
INTRODUCTION
Stainless steel is an iron-based alloy that contains various combinations of other elements to provide suitable characteristics for technological applications and to make stainless steel stainless. By definition, any steel that contains a minimum of 11% chromium is a stainless steel. This minimum chromium content in the steel produces a rich, transparent oxide film, which protects it from corrosion and oxidation.
As stainless steel used in aerospace applications has a surface finish that must be preserved, the methods used in fabrication technology of aircraft components are more exacting than those used for low-carbon elements [1, 2] . In general, stainless steels have the following characteristics, as compared with the carbon steels: -greater strength and susceptibility to work hardening, -higher propensity to gall to tooling, -lower heat conductivity.
The relationship between the work hardening and the strain rate hardening is fundamental to understanding sheet metal forming at elevated temperatures and was studied by Larsson [3] . The decrease of the strain-hardening exponent with increasing temperature is compensated by the strain rate hardening effect, which becomes more pronounced with increasing temperature [4] . Stachowicz et al. [5] presents results from an investigation of the effect of temperatures in the range of 20 to 700 °C on basic material parameters of AMS5604 stainless steel sheet, such as yield stress, ultimate strength, total and uniform elongation, strain hardening parameters and plastic anisotropy factor. In austenitic stainless steel, martensite formation takes place, which is not only affected by temperature but also influenced by the rate at which the material is deformed. The temperature range concerning steel during warm metal forming processes is approximately 600 to 800 °C [6] . In comparison with the conventional sheet metal forming processes, warm forming requires an initial increasing of the blank temperature before the forming stage. Two distinct strategies can be adopted for the heating process [7] : -generate a uniform temperature in the whole blank, -apply a gradient of temperatures in selected regions of the blank.
Concerning the method of heating the whole blank, the heating of the blank can be carried out using two different heating methods [7] : -external heating in furnaces, induction systems or direct/indirect resistance systems, -internal heating by conduction through heated tools.
The temperature distribution in the blank immediately before the forming operation is a key point for the success of warm sheet metal forming operations [18] . Other methods of blank heat during the forming process are irradiation of the sheet with a laser beam using Laser Assisted Deep Drawing (LADD) developed by Schuöcker and Schröder [9] .
The objective of the work done by Harrison et al. [10] was to develop a warm forming process that both retains the benefits of traditional warm forming while allowing for the use of lower-cost tooling. The results revealed that nonisothermal warm forming could enable sufficient formability to stamp a one-piece door inner panel from commodity aluminium alloys. Takuda et al. [11] reported that in order to find the optimal conditions of warm forming of aluminium alloy sheets and to put it into practical use, it is indispensable to analyse not only the mechanical properties that depend on the temperature but also the heat conduction during forming. They used a heating tool and heated the blank via imbedded electric resistance heaters before placing it into the die. The forming tools (die and blank-holder) were heated together with the blank sheet until 250 °C and then assembled in the press. Lade et al. [12] studied the microstructure changes and formability of the austenitic stainless steel 304 after warm deep drawing. They also heated the blank and the die using a furnace mounted over the universal testing machine in order to control the specimen temperature with the accuracy of ±0.1 °C.
The uniform temperature distribution is a key factor influencing the possibility of forming and quality of warmformed parts. This article presents the results of analysis of the effect of heating conditions on temperature distribution in an AMS5604 stainless steel sheet heated in an induction furnace. The temperature was measured using thermoelements and a thermovisual camera. In the next section, the methodology and experimental measurements are explained, followed by presentation of results and discussion.
METHODS OF WORKPIECE HEATING 2.1 Resistance Heating
In the resistance heating method, the work sheet is considered as a resistor and high current is applied to the sheet [12] . The material resistance to the passage of current produces heat by Joule's effect [7] . The rate of material heating is directly related to the electrical resistance of the material [13] . The variation of sheet thickness of the blank in the current direction yields a non-uniform temperature in the blank volume [14] ; thus, this method is limited to sheets with a constant cross-section. Yanagimoto and Izumi [15] developed a new hot forming system for highalloy metals with poor workability. This forming system is a direct combination of a forming machine and continuous electric resistance heating and is capable of high-speed forming of metals with flexible and precise control of elevated temperatures. Mori et al. [16] proposed a method of resistance heating for the hot and warm sheet stamping of high-strength steel sheets. They examined the effects of the heating temperature on the spring back and formability of ultra-high tensile strength steel sheets. Ghosh et al. [8] investigated the mechanical behaviour of Al-Mg-Si alloys at warm temperatures using a Gleeble thermomechanical simulator. Among the parameters investigated, temperature was found to have the most significant effect on the force-displacement response.
Induction Heating
In this technique the heat is a result of the Joule's effect [4] : heat is generated proportional to I 2 R, where I is the magnitude of current and R is the resistance of material [17] .The application of an alternating current in an induction coil generates a magnetic field, which induces eddy currents in electrically conductive objects located in the vicinity of the coil [7] . Induction heating exhibits a few advantages, including precise temperature heating in the desired heat zone and quick processing time with no exposed flames or heating elements. The rate of heating of the formed part depends on the frequency and the intensity of the induced current, as well as the material properties, such as specific heat, magnetic permeability and electrical resistivity [18] . The Transverse Flux Induction Heating (TFIH) method has taken the place of conventional methods like gas-fired or electrical resistance heating techniques and it can be used with great flexibility and efficiency in both ferrous and non-ferrous materials [17] .
Heating by Conduction with Heated Forming Tools
The most common way of heating the blank through conduction is by placing the blank between hot tools. In this case, both the die and the blank-holder are pre-heated to the warm forming temperature [19] , while the blank is heated by contact conduction with the tools when it is clamped between the blank-holder and die. The technique commonly used in industry is still the uniform heating of the blank [3] . In some cases the punch and/or die is cooled by water or by air and in some cases the blank holder is heated [3] . The main disadvantage of heating by conduction is that a large amount of tool material volume has to be heated and the time required to achieve a suitable uniform temperature of the workpiece might be high [7] . However, the workpiece is heated in the forming position, so the loss of heat during the transport stage is avoided [20] .
MATERIAL AND METHODS
In order to prove the applicability of the induction heating process of stainless steel sheets for sheet metal stamping, investigations of temperature distribution in sheet metal plates were carried out. The induction heater used in investigations is a part of a special work centre (Fig.  1) for forming aircraft components. In this centre the sheet is transferred from the heater to the stamping die using an industrial robot. The moment of workpiece transfer is controlled by special software and the pyrometer reading the temperature in one point of the workpiece. In industrial conditions there is no possibility to measure the temperature distribution in the whole volume of each workpiece. The thermal analysis of the temperature state in the sheets was carried out during heating an AMS5604 stainless steel sheet with a thickness of 1.6 mm. The chemical composition of tested sheet is presented in Table  1 . AMS5604 alloy is a martensitic stainless steel that provides an outstanding combination of good corrosion resistance and high strength, and is used extensively in the aerospace industry for various aircraft components [21] . In the first part of our investigation, experimental research was performed to verify and optimise the parameters of sheet heating using an induction heater (Fig.  2) . The dimensions of the square blank were 292 × 292 mm. In the coil of the heater, there are cordierite inserts that allow the accumulation of heat and accelerate heating of subsequent batches during the manufacturing cycle. Technical Gazette 25, Suppl. 2(2018), 312-318
Figure 2 Induction heater
The study included measurements of temperature distribution in the blank heated in the induction heater using thermography and thermocouples. Uniform temperature distribution is one of the key factors that affect the quality of warm-formed parts; therefore, the investigations are focused on the identification of the temperature distribution on the whole surface of the blank. Information regarding the non-uniformity of the temperature distribution will help to optimise the parameters of the heating operation. In order to optimise the heating process, the experimental measurements were carried out in industrial conditions.
Measurement of the temperature distribution in blanks was performed using five jacketed type-K thermocouples, with a diameter of 1 mm, placed in spark-machined holes in the sheet. The locations of the thermocouples in the holes of the blank are shown in Fig. 3 . Registration of measurement data takes place using the GL220 midi Logger (Graphtec) recorder with an accuracy of 0.1%. The temperature of the so-called cold junctions of the thermocouples is compensated internally using a temperature sensor installed in a DVR Graphtec recorder. The ambient temperature is measured using an EMT-302 temperature gauge (CZAKI) with an accuracy of 0.3% T ± 1 °C. Distributions of temperature on the sheet surface were determined using an FLIR P 640 thermal imaging camera with sensitivity spanning the 8 to 14 µm wavelength range. Thermographic measurements were performed in a stationary state in a conditioned room.
Before starting the fundamental temperature measurements, time synchronisation of the recorder and the camera was made using an infrared camera and thermocouples. It was necessary to interrelate the obtained results. Then thermocouples were installed in the holes and the sheet surface was cleaned with acetone to remove impurities. After starting the GL220 recorder, the sheet was placed in a heater where it was kept until it had reached the required temperature. The opening in the heater for the insertion and removal of the sheet was automatically closed after the start of the heating process with a special cover. Immediately after removing the sheet from the heater the image was made using the infrared camera. To make this image the sheet was placed on a cylindrical base with a thickness of about 2 mm. Upon completion of recording of measured data the depth of penetration of the installed thermocouples in the joint holes was measured.
The measurement conditions were as follows: -room temperature 20.5 °C, -apparent temperature (temperature of surrounded surfaces) 22.4 °C, -relative humidity 60%.
Before performing the thermovisual measurements, the measurement of the temperature reflected from radiation sources surrounding the test object (in this case the sheet) was carried out. For this purpose, a diffusion mirror was used (Fig. 4) , which was placed on the cylindrical base. The location of the mirror and the infrared camera during the measurement of reflected temperature was the same as in the basic thermovisual research, which provided constant measuring conditions. The average temperature reflected from the selected area of the diffusion mirror was measured using the infrared camera. The temperature was 22.4 °C. The measurement of reflected temperature was carried out in accordance with the standard ISO 18434-1: 2008 [22] . Furthermore, the measurement of room temperature was carried out using an EMT-302 temperature instrument. In this case, the identification of reflected temperature is crucial for measuring the temperature using an infrared camera, due to very low emissivity of the tested sheet.
The measurements of emissivity in temperature range between 300 °C and 900 °C are carried out using Gleeble 3800 thermomechanical simulator (Fig. 5) and thermovisual camera. The Gleeble 3800 testing system heats the sheet by direct resistance, which changes applied current intensity to achieve a target temperature in the centre of the specimen. 
RESULTS AND DISCUSSION
For accurate measurement of the sheet temperature using a pyrometer, the emissivity of the sheet surface has to be found. The sheet was heated to selected temperatures (between 300 °C and 900 °C). The emissivity was determined based on the picture of the temperature distribution (see example in Fig. 6 ) prepared using a thermovisual camera after reaching the reference temperature. A list of sheet surface emissivity is shown in Tab. 2. The results of the temperature distribution determined using thermocouples are shown in Figs. 7-9 . The highest temperature is reached in the upper left corner of the sheet (T4 in Figs. 7 and 8 ) and the lowest temperature is at the upper edge of the plate (T3 in Figs. 7 and 8) . Temperature values measured using other thermocouples (T1-T2 in Figs. 7 and 8 ) are little different from each other. In an initial heating phase, a very rapid increase in temperature difference occurs between the maximum and minimum temperatures T max − T min (Fig. 7) , which is probably the result of inhomogeneities in current intensity in the sheet material. The maximum temperature difference reached is approximately 250 °C and in the final phase of the heating (just before switching on the heater) this falls to approximately 70 °C. This contributes to heterogeneity of the heat flux generated in the sheet material. In the second phase, when the temperature exceeds 650 °C, the difference between the maximum and minimum temperature decreases to almost 0 °C and then slowly increases until the heater is switched off. In this heating phase, a major factor contributing to the lower temperature in the vicinity of the upper edge of the sheet is heat lost to the environment by radiation and convection. The difference in the temperature measurement using thermocouples T1, T2, T4 and T5 does not exceed 20 °C (Fig. 8) . Some part of this temperature difference can be considered as measurement error. Furthermore, since the current density decreases exponentially towards the body centre, leading to a non-uniform current distribution within the body, the so-called skin effect is directly related to the induction heating system [7] . The inhomogeneity of the temperature gradient comes about as a result of Joule heat flowing from edge to centre [23] . Point T3 is located close to the heater opening and the temperature at this point is about 60 °C lower that the rest of thermocouples. This is a result of heat loss by conduction into metal flat nose pliers during the stage of transferring the blank to stamping die. The major advantage of induction heating in comparison with the conventional heating method is the short heating time [23] . Fig. 9 shows that the complete induction heating process for the heated region needs only about 300 seconds to be heated up to 750 °C. In order to compare the results of the thermogram and the arithmetic average temperature determined using thermocouples, the average temperature in the area EL1 (Fig. 10) is determined, which amounted to 694 °C. The discrepancy between the values of these temperatures is 15°C, which represents only 2% of the temperature determined using the thermocouples. For the thermogram depicted in Fig. 11 the average temperature of the area EL1 is 578 °C, while the average temperature obtained using the thermocouples was 577 °C. This illustrates a satisfactory convergence of the results obtained via the conventional method and thermography.
Radiative heat losses to the environment and losses by conduction when removing the sheet from the heater using metal flat nose pliers cause a decrease of the temperature in the vicinity of the sheet (detail A in Figs. 10-14) .
Contact of the workpiece with the surface of the cylindrical base causes local temperature reduction (detail B in Figs. 10 and 11) by conduction of heat. Due to the fact that the sheet surface has a very low emissivity (0.14), which means a very high reflectivity, it makes measurement using the infrared camera extremely sensitive to reflections from external sources of radiation, as seen in the presented thermograms. Reflection from external sources of radiation causes a sudden local increase in temperature (detail Cin Figs. 10 and 11) . It is also visible in Figs. 12-14 , in which the variations of temperature determined along line Li1-Li3 (see Fig. 11 ) are presented. 
Figure 13
Variation of the temperature along the line Li2 illustrated in Fig. 11 The area that was in contact with the robot gripper shows the lowest temperature, revealing that the heat losses to the environment and gripper are very important for the external heating method. Overheating could compensate this heat loss. It would be necessary to determine accurately the precise time of the transport phase before calculating the overheating temperature, for the time instant before the start of the deformation [7] . High heat losses occur in the initial instants during the transport phase of the sheet from the heater to the stamping die, which could be balanced with an overheating. However, it is necessary to evaluate possible detrimental effects on the material that may result from the overheating [7] .
SUMMARY AND CONCLUSIONS
The warm formed blank should be kept at the same temperature throughout the stamping process. In the article the external heating induction method of the blank is considered. The blank is heated in a heater until the desired temperature is reached and then transferred into the stamping tool by an industrial robot. Problems with maintaining the desired temperature in the blank can be expected since the blank has to be moved from the heater to the die. Firstly, blank heat loss exists during transferring the workpiece between the heater and the die. Secondly, the temperature of the blank decreases upon contact with the stamping tool.
In this article, it is concluded that induction heating during warm stainless steel sheet metal formation has great potential; however, several comments should be taken into account to meet production demands: 1) In order to minimise heat loss through the loading opening in the wall of the heater, a screen made of highly reflective material should be used. This would increase the heat flux density in the vicinity of the upper edge of the sheet. 2) At the initial stage of heating, the temperature difference between the maximum and the minimum temperature increases fast. This is due to the nonuniformity of the current intensity in the sheet material. The non-uniformity of the current intensity contributes to the non-uniformity of the heat flux generated in the sheet material. In the final phase of heating, the main factor contributing to the lower temperature in the vicinity of the edge of the sheet is the heat loss to the environment by radiation and convection. It should be noted that the heating process may be disturbed by atomic redistribution of material above Curie temperature at which the material becomes non-magnetic and is difficult to heat.
3) The investigations presented in this paper were conducted in real industrial conditions. The assurance of a uniform temperature distribution in such conditions is not justified economically. Although, the non-uniformity in temperature distribution is observed, the main criterion of the quality of the fabrication process is to ensure the shape and dimensional accuracy of the element. In some cases the workpiece is heated only in the selected areas. 4) Improvement of the uniformity of current intensity in the sheet and, thus, the uniformity of the heating of sheet should be achieved. This will involve a modification of the plate gripper in the resistance heater in order to reduce contact resistance between the sheet and the gripper. The degree of non-uniformity of temperature in the sheet, defined as the ratio of the difference between the maximum and minimum temperatures and the average temperature of the sheet just after the furnace switched off, is in the range of 6 to 15%. The value of this ratio is high to ensure an optimum deep-drawing operation. The degree of nonuniformity of the temperature should not exceed 5%. 5) The gripper of the industrial robot, which transports the sheet from the heater to the stamping tool, should be modified to reduce heat loss via conduction. Reduction of the contact area between the gripper and the sheet would be a suitable modification. 6) It was found that there are significant differences in the time taken for the sheet to heat up to the required temperature. This may be the result of significant fluctuations in the emissivity of sheet surface and high sensitivity of the pirometric temperature sensor to changes in emissivity of the surface sheet. 7) In order to increase the uniformity of temperature distribution, the heating time and transport time of the sheet from the heater to the press should be extended. During cooling down of the sheet, a decrease of the difference between maximal and minimal temperature value is observed.
